We report a 23 Na and 75 As nuclear magnetic resonance (NMR) investigation of NaxFeAs series (x = 1, 0.9, 0.8) exhibiting a spin-density wave (SDW) order below TSDW = 45, 50 and 43 K for x = 1, 0.9, 0.8, respectively, and a bulk superconductivity below Tc ≈ 12 K for x = 0.9. Below TSDW, a spin-lattice relaxation reveals the presence of gapless particle-hole excitations in the whole x range, meaning that a portion of the Fermi surface remains gapless. The superconducting fraction as deduced from the bulk susceptibility scales with this portion, while the SDW order parameter as deduced from the NMR linewidth scales inversely with it. The NMR lineshape can only be reproduced assuming an incommensurate (IC) SDW. These findings qualitatively correspond to the mean-field models of competing interband magnetism and intraband superconductivity, which lead to an IC SDW order coexisting with superconductivity in part of the phase diagram.
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I. INTRODUCTION
Iron pnictides emerged recently as a new class of materials with relatively high superconducting (SC) critical temperatures, T c , surpassed only by cuprates.
1-3 Since electron-phonon coupling strength is too weak to account for T c as high as 55 K, 4,5 unconventional pairing mechanisms are vividly discussed in the literature. [1] [2] [3] In contrast to other high-T c families, [6] [7] [8] [9] Coulomb correlations are believed to be only weakly to moderately strong. However, similarly as in other high-T c families, a SC state appears next to a spin-density wave (SDW) state suggesting that the spin fluctuations play an important role in the mechanism of SC pairing. 10, 11 This notion is strongly supported by, e.g., nuclear magnetic resonance (NMR) experiments, 12, 13 which provide a direct evidence for the spin fluctuations that even get enhanced close to T c . The way carrier doping affects spin fluctuations and stabilizes superconductivity as the ground state is presently still debated.
The members of a 111 family (AFeAs where A is Li or Na) [14] [15] [16] exhibit the structure, which is a simplified version of the structure of 1111 and 122 iron pnictides: [1] [2] [3] FeAs layers comprised of edge-sharing FeAs 4 tetrahedra are separated by double layers of Li or Na atoms. LiFeAs and NaFeAs are thus expected to be electronically very similar to each other and also to other layered iron pnictides. However, undoped LiFeAs and NaFeAs adopt different ground states. LiFeAs is a bulk superconductor with T c = 18 K, 14 while according to the muon-spin rotation, neutron diffraction and NMR studies NaFeAs exhibits a SDW order below T SDW ≈ 40 K, which is essentially of the same type as found in LaFeAsO but with a reduced order parameter 0. 19) , respectively. Bulk superconductivity is reported for the Na-deficient samples Na x FeAs in a narrow region around x = 0.9 (Ref. 16) , and for the Co and Ni doped samples NaFe 1−x Co x As and NaFe 1−x Ni x As. 20 These differences open a number of important questions, which are not only relevant for the 111 family but also for iron pnictides in general: (i) How does the SDW order respond to carrier doping? (ii) Why is the SDW order parameter so small and how is it related to the details of the multiband electronic structure? (iii) Do SDW and bulk SC phases coexist and how do important physical parameters, such as T SDW , the order parameter, and T c behave in the critical doping regime?
To tackle the above issues, we perform a systematic 23 
Na and
75 As NMR investigation of Na x FeAs series with x = 1, 0.9, 0.8. We confirm a bulk superconductivity below T c ≈ 12 K only for the optimal doping x = 0.9. Quite surprisingly, we find that the SDW order is incommensurate (IC) and present in the whole x range, the most prominent effect being a severe suppression of the SDW order parameter at the optimal doping. Meanwhile, we find that a portion of the Fermi surface remains gapless below T SDW in the whole x range. This portion is the biggest at the optimal doping, where we observe the coexistence of the SC order and the IC SDW order on atomic scale below T c .
II. EXPERIMENT AND DISCUSSION
Na x FeAs (x = 1, 0.9, 0.8) powdered samples were synthesized as described elsewhere.
15-17 X-ray phase pure samples of FeAs powder were first synthesized from pure elements of Fe (pieces, 99.99%) and As (lumps, 99.999%) in sealed quartz containers at 600-800
• C. The ternary Na x FeAs samples (x = 1, 0.9, 0.8) were then prepared from stoichiometric amounts of the starting materials of Na (ingot, 99.95%) with FeAs in sealed Nb tubes under Ar (which are subsequently sealed in quartz tubes under vacuum) at 750
• C. All the preparative manipulations were carried out in a purified argon atmosphere glove box with total O 2 and H 2 O level < 1 ppm. The quality and composition of the samples were checked prior to the NMR experiments by powder X-ray diffraction (XRD) using the Panalytical Xpert Diffractometer. All peaks of the Na 1 FeAs pattern match the space group P 4/nmm (Fig. 1) . The lattice parameters for the Na 1 FeAs sample were refined as a = 3.9520(2)Å and c = 7.0461(5)Å, in perfect agreement with the published data. [15] [16] [17] [18] No additional peaks that would indicate the presence of impurity phases were found. The Na 0.9 FeAs and Na 0.8 FeAs samples were found isostructural to Na 1 FeAs (inset to Fig. 1 ) and also their XRDs do not indicate any impurities.
The bulk dc magnetic susceptibility of the Na x FeAs powders was measured with a commercial Quantum Design MPMS system in a small magnetic field of 10 Oe under zero-field-cooling conditions. The dc magnetization exhibits characteristic superconducting diamagnetic behavior below T c ≈ 12 K [ Fig. 3(a) ] for all three samples. However, in contrast to the weak doping dependence of T c , the superconducting fractions strongly vary with x. The bulk superconductivity (superconducting fraction close to 100%) is found only in the x = 0.9 sample, while small superconducting fractions of about 20% are found in the x = 1 and 0.8 samples.
For the NMR experiments we sealed the samples into the 5 mm pyrex tubes under dynamic vacuum conditions in order to avoid possible contamination with air. In Fig. 2(a) we compare the powder 23 Na (spin I = 3/2) NMR spectra measured in Na x FeAs samples for different x at 300 K. The spectra were recorded in a magnetic field of 4.7 T by frequency sweeping. The 23 Na Larmor frequency 52.903 MHz was determined using the NaCl standard. All spectra exhibit a typical quadrupole powder pattern defined with the quadrupole splitting ν Q = 460 kHz and the electric field gradient (EFG) asymmetry parameter η = 0, in agreement with the Na site symmetry. 18 Symmetric singularities belonging to the satellite transitions (−3/2 ↔ −1/2 and 1/2 ↔ 3/2) are spaced by ν Q . In all cases, the central transition (−1/2 ↔ 1/2) is located almost at the Larmor frequency meaning that the contact hyperfine shift is negligible. This indicates that the residual spin density at the Na site is very small implying almost complete charge transfer to the electronically active FeAs layer. Na vacancies in Na-deficient samples are expected to result in the local disorder and thus broadened NMR lines. In contrast, the measured 23 Na central transition linewidth in the temperature range 50 − 300 K is the biggest for the stochiometric composition x = 1. Although we do not completely understand this, it may imply that the migration of the Na + ions is enhanced in more Na-deficient samples, and it averages out the local field inhomogeneities resulting in the narrowed NMR lines.
The central 23 Na transition undergoes a steep broadening below T SDW = 45, 50 and 43 K for x = 1, 0.9, 0.8, respectively, as demonstrated in Fig. 2(b) for x = 1. The 23 Na linewidth increase is a direct measure of the local magnetic field distribution at the Na site and is thus proportional to the SDW order parameter. As shown in Fig. 2(c) , the linewidth saturates to quite different values for different x at low temperature. This indicates that the saturated SDW order parameter exhibits a pronounced variation with x, although T N depends only mildly on x. We stress that this cannot be due to some phase segregation because our 23 Na NMR spectra are characterized by a single pair of quadrupole parameters ν Q and η and thus suggest the presence of a single phase in all samples, in compliance with our XRD data. Fig. 3(b) shows the temperature dependence of 1/ 23 T 1 T , where 23 T 1 is the 23 Na nuclear spin-lattice relaxation time. To determine 23 T 1 we used an inversion recovery method and fitted the spin-lattice relaxation data to the theoretical recovery curve for spin I = 3/2 nuclei:
We allowed for the stretching exponent γ as spin fluctuations in the layered Na x FeAs are expected to be anisotropic, resulting in the distribution of 23 T 1 in powdered samples. In addition, any disorder in the sample is expected to broaden the distribution of 23 T 1 , resulting in a lower γ. As shown in Fig. 3(c) , γ is temperature independent above 100 K and takes basically the same value ∼ 0.74 for all three samples, suggesting that the degree of disorder in the samples is comparable. For all x the temperature dependence of 1/ 23 T 1 T strongly deviates from the simple Korringa relation. In particular, above 100 K the data nicely follow an empirical power law 1/ 23 T 1 T = aT α , where the exponent α depends on the doping level x. Although the rising dependence of 1/T 1 T on temperature is frequently ascribed to the pseudo-gap behavior, we suggest that it may be a direct consequence of the particular shape of the density of electronic states in the vicinity of Fermi level. In fact, taking the density of states as calculated for NaFeAs in Ref. 21 and using the general expression for the nuclear spin-lattice relaxation in metals, 22 we are able to roughly reproduce the power law dependence 1/ 23 T 1 T = aT α , where α depends on the position of the Fermi energy in the density of states. Below 100 K, the 1/ 23 T 1 T data exhibit an upturn for all x before reaching the maximum at T SDW , implying a growing importance of spin fluctuations close to T SDW . For their contribution to the spin-lattice relaxation we assume the form B/(T − θ) β , where θ is the Curie-Weiss temperature and β = 0.5 as expected for the two-dimensional itinerant antiferromagnets. 23 Our model for the paramagnetic state thus consists of two terms,
corresponding to the intraband and interband electronic scattering processes, respectively. As shown in Fig. 3(a) , the model fits the spin-lattice relaxation data very well. Fitting parameters are summarized in Table I . We find a surprisingly weak doping dependence of the parameters B and θ related to interband processes, while the parameters α and a related to intraband processes depend strongly on the doping level. Although θ is the smallest for the optimally doped sample Na 0.9 FeAs, it does not approach zero as in other iron pnictides, e.g., in Co-doped BaFe 2 As 2 .
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As all five Fe d-derived bands cross the Fermi level, we investigate now how different parts of the Fermi surface evolve below T SDW upon doping. The 1/ 23 T 1 T data below T SDW exhibit a strong temperature and doping dependence [ Fig. 3(b) ]. The observed suppression of 1/ 23 T 1 T below T SDW is a consequence of the opening of the spin gap in the magnetic excitation spectrum. A concomitant drop in the stretching exponent γ to the value ∼ 0.55 in all three samples [ Fig. 3(c) ] is due to the magnetic excitation spectrum becoming more anisotropic below T SDW than above it. However, 1/ 23 T 1 T does not approach zero at the lowest temperatures. Instead, below 20 K the 1/ 23 T 1 T data level off, adopting a simple Korringa relation. This speaks for an extra spin-lattice relaxation channel controlled by the gapless particle-hole excitations, which remains active down to the lowest temperatures. Such two spin-lattice relaxation channels are proposed in the two-fluid description of magnetic excitations below T SDW that gives
Here ∆ S is a spin gap, Φ(x) = x 2 Li 1 (e −1/x ) + x 3 Li 2 (e −1/x ) and Li n (z) is the n th polylogarithm of z. The first term, C inc , describes the relaxation via the incoherent gapless particle-hole excitations, and is thus proportional to the square of the residual density of states at the Fermi level. The second term describes the relaxation via the coherent spin wave excitations with dispersion ω k = ∆ 2 S + (v · k) 2 as found in neutron scattering experiments, 24 where v is the spin wave velocity. This model perfectly fits our 1/ 23 T 1 T data below T SDW [ Fig. 3(b) ]. The obtained spin gap ∆ S = 170(15) K (14.7 meV) is nearly the same for all samples and thus independent of the doping level x. Its value is comparable to those obtained for other iron pnictides, e.g., for SrFe 2 As 2 .
24 In contrast, the strength of C inc , and thus of the gapless part of the Fermi surface, varies strongly with x. It amounts to 1.6 · 10 −3 (sK) −1 , 13 · 10 −3 (sK) −1 , and 2.3 · 10 −3 (sK) −1 for x = 1, 0.9 and 0.8, respectively, thus being almost an order of magnitude larger for x = 0.9 than for x = 1 and 0.8. We thus conclude, that at T ≪ T SDW , much bigger portion of the Fermi surface remains gapless in the optimally doped Na 0.9 FeAs in comparison to the other two compositions. Simultaneously, it is only Na 0.9 FeAs where we observe a bulk superconductivity below T c ≈ 12 K seen as a diamagnetic response in the dc spin susceptibility [ Fig. 3(a) ] and as a further suppression of 1/ 23 T 1 T below T c [ Fig. 3(b) ]. When crossing T c , the 23 Na lineshape [see the linewidth in Fig. 2(c) ] and the stretching exponent γ [see Fig. 3(c) ] do not exhibit any change, which suggests that the SC order in Na 0.9 FeAs below T c coexists with the SDW order on atomic scale. This statement is supported also by 23 T
−1 1
following neither the conventional Bardeen-Cooper-Schrieffer (BCS) nor the T 3 dependence [ Fig. 3(b) inset], meaning that the bulk superconductivity in Na 0.9 FeAs is highly unconventional.
The coexistence of the SC and the SDW orders on atomic scale is quite unusual and it is argued to be only possible when the SC state is unconventional. 25, 26 In a simplified case of spherical Fermi surfaces the coexistence is possible only when the SDW order is IC. [27] [28] [29] To dis- close the nature of the SDW order in the studied samples we turn to the 75 As NMR as 75 As nuclei, being located in the FeAs layer, are much more sensitive to the local magnetic fields than 23 Na nuclei. The following analysis applies to all three compositions, but we present it for the Na 1 FeAs case, where the SDW order parameter is the biggest. As shown in Fig. 4, a 75 As frequency-swept NMR spectrum in the temperature range 70 − 300 K is characteristic for a powdered sample with an axially symmetric EFG tensor (η = 0), in accordance with the As site symmetry, and as found also in other iron pnictides.
30,31
The spectrum consists of two symmetric singularities belonging to the satellite transitions (−3/2 ↔ −1/2 and 1/2 ↔ 3/2) of the I = 3/2 nuclear spin, located roughly at ±5 MHz with respect to the reference frequency, and of the narrow central part belonging to the central transition (−1/2 ↔ 1/2), itself consisting of two singularities. The spectrum at 70 K is simulated with the quadrupole frequency ν Q distributed in the Gaussian manner in a narrow range of 0.24 MHz around the value 10.2 MHz (solid thin black line in Fig. 4) . Between 70 K and 50 K, still above T SDW , the spectrum changes. Namely, at 50 K each satellite singularity is slightly split and thus less pronounced. As shown in Fig. 4 (and the corresponding inset) , the spectrum can only be reproduced taking η ≈ 0.1 (solid thin black line), meaning that the structural transition takes place at T S ≈ 60 K, comfortably above T SDW .
Below T SDW , the spectrum dramatically changes due to the appearance of internal magnetic fields B int experienced by the 75 As nuclei in the SDW state. Most notably, at 40 K the low-frequency singularity of the central part shifts down to ∼ −3.2 MHz and gets much less pronounced, while the high-frequency singularity of the central transition roughly keeps its position and gets much broader (Fig. 4) . In addition, the splitting of each satellite singularity increases, which can be accounted for by taking η ≈ 0.15. A 75 As lineshape simulation based on the commensurate SDW structure, suggested by neutron diffraction experiments on Na x FeAs, 18 fails to reproduce an experimental spectrum (dashed thin gray line in Fig. 4) . Namely, the high-frequency singularity of the central transition clearly misses the experimental position, while the low-frequency singularity of the central transition is much more pronounced than the experimental one. We thus test two alternative magnetic structures that were recently suggested. (i) For Nidoped BaFe 2 As 2 a commensurate SDW order with large local amplitude variations in the vicinity of the dopant was suggested.
32 Although Na 1 FeAs is stoichiometric, we speculate that a slight Na off-stoichiometry may lead to similar effects as Ni doping in BaFe 2 As 2 . However, introducing a Gaussian distribution of B int at the As site as in Ref. 32 , we again fail to reproduce an experimental spectrum (solid thin gray line in Fig. 4). (ii) For lightly Co-doped BaFe 2 As 2 an IC SDW order was suggested on the basis of 75 As NMR results 33, 34 and 57 Fe Mössbauer spectroscopy results. 35 Introducing an IC distribution of B int , B int = B 0 int sin α with α ∈ [0, 2π] and B 0 int = 0.45 T, we manage to reproduce an experimental spectrum including both central and both satellite singularities very well (solid thin black line in Fig. 4) . Such a solution assumes internal local magnetic fields almost parallel to the crystallographic c-axis, and is thus consistent with the ordering vector (1/2 − ǫ, 0, 1/2) for ǫ → 0 (Ref. 33) . We check this solution also against the low-temperature 23 Na NMR lineshape. Its broadening with respect to the linewidth above T SDW is governed by the dipolar interaction between the 23 Na nuclei and the ordered magnetic moments, which enables us to extract the order parameter. Meanwhile, the very weak contact interaction is responsible for the ∼ 3 kHz shift, which is much smaller than the low-temperature saturated linewidth. As shown in Fig. 3(b) for Na 1 FeAs, we are able to reproduce the saturated low-temperature 23 Na NMR spectra very well by assuming an IC SDW amplitude of 0.28µ B [thin solid line in Fig. 3(b) ], while commensurate types of order do not fit [thin dashed and short dashed lines in Fig. 3(b) ]. Similar procedure leads to the IC SDW amplitudes of 0.04µ B and 0.13µ B for the x = 0.9 and 0.8 samples, respectively. The obtained order parameter for the Na 1 FeAs sample is bigger than the one obtained in the muon-spin rotation 17 and the neutron diffraction studies 18 but comparable to the one found in a recent NMR study 19 and to those found in the members of 1111 family of iron pnictides. Finally, as shown in Fig. 4 , an experimental 75 As spectrum below 40 K again changes slightly. Namely, the spectrum at 35 K acquires a hump at ∼ 1.5 MHz, and the low-frequency singularity of the central transition gets slightly more pronounced, both features being characteristic of the commensurate SDW structure (see the discussion in the beginning of this paragraph). Indeed, a 75 As spectrum at 35 K can be reproduced reasonably well by an IC distribution of B int , B int = B Fig. 4) , similarly as in Ref. 35 . Such a distribution departs from the pure sinusoidal distribution and approaches the square distribution, which corresponds to the SDW order with regions of uniform ordered moment separated by domain walls.
The observed incommensurability of the SDW wraps up the story of Na x FeAs in the spirit of Refs. 27-29, where the competition between the SC and the SDW order is studied theoretically. Namely, an incomplete nesting between electron and hole Fermi surfaces in Na x FeAs is sufficient to stabilize the robust IC SDW state through opening of the spin gap only on a part of the Fermi surface. Large portion of the Fermi surface remains gapless below T SDW , and the larger this portion is the larger is the SC fraction below T c and the smaller is the saturated SDW order parameter. Apparently, the nesting is completely absent in Li 1 FeAs as no SDW ordering is observed in this case despite strong AF fluctuations.
14,31
An incomplete or even absent nesting opens a possibility for the unconventional superconductivity following neither BCS nor the unconventional T 3 dependence of T −1 1 below T c , as shown in the inset of Fig. 3(b) for Na 0.9 FeAs and Li 1 FeAs, respectively. The phase diagram emerging from the present work resembles the theoretically proposed one, [27] [28] [29] with an extra detail: a narrow SC dome is completely (not only partially) embraced by the IC SDW ordered state. This difference calls for further investigations, also in the light of the recent suggestion that the SDW order is not due to the nesting but rather due to the electronic band-structure reconstruction.
36

III. CONCLUSION
Magnetic and SC properties of the Na x FeAs series were probed by NMR. A pronounced variation of the spin-lattice relaxation with the level of carrier doping x demonstrates the complicated multiband electronic structure around the Fermi level. This variation is particularly pronounced in the IC SDW state, where a significant portion of the Fermi surface remains gapless. Our results are directly compared to the recent theoretical treatments of the interplay between magnetism and superconductivity in iron pnictides, and thus promote the members of the 111 family as perfect model systems.
During the review process of this manuscript, a preprint appeared on the arXiv server 37 reporting 23 Na and 75 As NMR experiments on a single crystal of Na 1 FeAs implying similar conclusions about the nature of the SDW state in Na 1 FeAs below 45 K and similar value of the order parameter ∼ 0.3µ B .
